The transition from adolescent to adult cognition and emotional control requires neurodevelopmental maturation likely involving intrinsic functional networks (IFNs). Normal neurodevelopment may be vulnerable to disruption from environmental insult such as alcohol consumption commonly initiated during adolescence. To test potential disruption to IFN maturation, we used resting-state functional magnetic resonance imaging (rs-fMRI) in 581 no-to-low alcohol-consuming and 117 moderate-tohigh-drinking youth. Functional seed-to-voxel connectivity analysis assessed age, sex, and moderate alcohol drinking on default-mode, executive-control, salience, reward, and emotion networks and tested cognitive and motor coordination correlates of network connectivity. Among no-to-low alcohol-consuming adolescents, executive-control frontolimbicstriatal connectivity was stronger in older than younger adolescents, particularly boys, and predicted better ability in balance, memory, and impulse control. Connectivity patterns in moderate-to-high-drinking youth were tested mainly in late adolescence when drinking was initiated. Implicated was the emotion network with attenuated connectivity to default-mode network regions. Our cross-sectional rs-fMRI findings from this large cohort of adolescents show sexual dimorphism in connectivity and suggest neurodevelopmental rewiring toward stronger and spatially more distributed executive-control networking in older than © The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com younger adolescents. Functional network rewiring in moderate-to-high-drinking adolescents may impede maturation of affective and self-reflection systems and obscure maturation of complex social and emotional behaviors.
Introduction
Neurodevelopment of brain structure continues throughout adolescence (Kipke 1999; Sowell et al. 2004; Giedd et al. 2014; Hutchison and Morton 2015; Pfefferbaum et al. 2015) with some changes involving expansion, such as growth of white matter enabling increased connectivity and processing efficiency (Yakovlev and Lecours 1967; Richardson 1982; Lebel and Beaulieu 2011; Avants et al. 2015) . Others are regressive, such as reductions in regional gray matter (Gogtay et al. 2004; Lebel and Beaulieu 2011; Raznahan et al. 2011; Klein et al. 2014 ) reflecting pruning of unused synapses and neurons also toward enhancing efficiency (Feinberg et al. 1990; Huttenlocher and Dabholkar 1997; Chugani 1998) . These complementary processes are marked by heterochronicity, that is, they develop at different times, and underlie neural rewiring of large-scale cortical and subcortical networks by forming complex fiber connections (Sowell et al. 2004; Lenroot et al. 2007 ). This structural ontogeny dynamically alters brain function to support the increasingly sophisticated cognitive abilities, motor performance, self-regulation, and reward-focused processing during adolescent development (Crone et al. 2009; Smith et al. 2013) . Intrinsic networks underlying selective brain functions can be detected and tracked with whole brain, resting-state functional magnetic resonance imaging (rs-fMRI), which relates functional connectivity to synchronous fluctuations in blood oxygen leveldependent (BOLD) signals among brain regions (Biswal et al. 1995; Shulman et al. 1997) . Complementing recent findings based on adolescence rs-fMRI (Fair et al. 2007 (Fair et al. , 2008 (Fair et al. , 2009 Jolles et al. 2011; Avants et al. 2015) , the present study used a large sample of adolescents to investigate the effects of age, sex (Alarcon et al. 2015; Satterthwaite et al. 2015) , and alcohol consumption (Cservenka et al. 2015a ) on the development of intrinsic functional networks (IFNs) (Vanderwal et al. 2013 ) associated with cognitive and emotional functioning.
Several IFNs have been previously described (for a review, Yeo et al. 2011; Vanderwal et al. 2013 ) with surprising consistency despite differences in applied analysis techniques (e.g., Van Dijk et al. 2010; Erhardt et al. 2011; Raichle 2011; Calhoun and Allen 2013; Posse et al. 2013) . Of the 5 IFNs selected here, the default mode network (DMN) is the most researched at rest and is associated with self-referential thought, introspection, memory, and future-related processing (Buckner et al. 2008; Habas et al. 2009; Raichle 2009 ). Selective cognitive functioning is commonly linked to regions connected by the salience network (SAN) and executive control network (ECN). SAN enables switching between networks by directing attention to salient and conceptually relevant interoceptive or external stimuli (Seeley et al. 2007; Menon and Uddin 2010) ; the ECN subserves attention, cognitive control, response selection, and working memory (Dosenbach et al. 2006; Seeley et al. 2007; Sridharan et al. 2008) . Emotional functioning links to regions connected by the remaining 2 IFNs, where the emotion network (EMN) contributes to regulating and modulating emotional responses (Wrase et al. 2003; Perlman and Pelphrey 2011) , and the reward network (RWN) is associated with positive and negative reinforcement (Courtney et al. 2013; Müller-Oehring et al. 2015) , thus posited to play a critical role in the development and maintenance of addiction (Koob and Volkow 2010) .
Findings on brain maturation of IFNs indicate shifts from spatially local to more widely distributed connectivity (Fair et al. 2007 (Fair et al. , 2008 (Fair et al. , 2009 Kelly et al. 2009; Jolles et al. 2011) . Converging evidence depicts stronger functional coupling among key nodes of the DMN (see also Fair et al. 2008) , SAN, and ECN in older adolescents than preadolescents and has been related to structural fiber connectivity (Uddin et al. 2011 ). Contributing to variance in functional connectivity maturation (Avants et al. 2015 ) is sexual dimorphism in pubertal development, with an average lag of 2 years in boys relative to girls, contributing further to heterogeneity in development over age (Kipke 1999) . Neural network modifications during adolescence are modulated by experience and learning (Braun and Bogerts 2000) in interaction with sex hormones, heredity (Arain et al. 2013) , and experience with alcohol and drug use (e.g., Bava et al. 2010; Cservenka et al. 2015b; Weissman et al. 2015) . A further complication to normal developmental trajectories may arise from nonlinear and nonparallel maturation processes of distinctive functional networks that may underlie hypersensitivity to emotion-laden stimuli during adolescence (Strakowski et al. 2011 ). This discoordination in development occurs when the selfreflection and executive control systems of the adolescent brain have not matured adequately to compensate for heightened emotion and reward system responses (Smith et al. 2013 ) and may differ substantially between boys and girls, given their different rates of pubertal maturation. Adolescence also defines a time of vulnerability to the effects of alcohol (e.g., Bava et al. 2010; Cservenka et al. 2015b) , potentially jeopardizing IFN maturation and the adolescent's capability to regulate temptation and avert risky behavior. Whether excessive use of alcohol and drugs attenuates or accelerates functional neuromaturation, and whether functional networks based in cortical and subcortical regions are similarly affected between sexes remains in question.
To study developmental differences in brain functional networks across the adolescent age range, identify sex-linked differences, and measure the influence of a history of adolescent alcohol consumption on IFN development, we examined rsfMRI in 698 adolescents (age 12-21 years) from the multisite National Consortium on Alcohol and NeuroDevelopment in Adolescence (NCANDA) study . This cohort comprised 2 groups: 581 who met criteria for no-to-low alcohol or drug exposure and 117 recruits who exceeded NCANDA alcohol or drug use history criteria at recruitment but met all other eligibility criteria . The rs-fMRI was collected on 3 T General Electric (GE) and Siemens MRI scanners at 5 sites in the continental United States of America. Similar to other multisite studies (Friedman et al. 2008; Greve et al. 2011; Saad et al. 2013; Yan et al. 2013; Zuo et al. 2014; Jovicich et al. 2015) , we identified significant signal differences attributable to the 2 scanner types. A novel data-driven matching algorithm mitigated those differences while preserving the effect size of our analysis. Neuropsychological tests (Sullivan et al. 2016) of attention, abstraction, general ability, working and episodic memory, balance, and impulse control tested for behavioral ramifications of observed functional network connectivity.
We tested the following hypotheses: (1) connectivity of 5 IFNs (DMN, SAN, ECN, EMN, and RWN) would be stronger and spatially more distributed in older than younger adolescents; (2) these developmental differences would occur at a younger age in girls than boys; (3) functional connectivity maturation would be attenuated in adolescents with alcohol and drug histories of exceeding study criteria; and (4) stronger functional connectivity would be predictive of better cognitive or motor test performance.
Material and Methods

Participants
The 698 participants (Table 1) were age from 12 to 21 years and recruited by the 5 NCANDA collection sites. The sample included 581 adolescents meeting the basic alcohol and drug use criteria for no/low-drinking use in the NCANDA study and 117 adolescents exceeding these entry criteria. The criteria were staggered by age; for alcohol histories, for example, adolescents should have never consumed more than 5 (ages from 12 to 15), 11 (age 16), 23 (age 17), or 51 (ages from 18 to 21) drinks in their lifetime. Also, girls should never have exceeded more than 3 drinks per occasion, and boys no more than 3 (up to age 14), 4 (ages from 14 to 19), or 5 (ages from 20 to 21) drinks per occasion. Youth who exceeded drinking thresholds were allowed to exceed marijuana and nicotine exposure criteria but required to meet all other eligibility criteria. Of the exceeds-criteria group, 9 met criteria for DSM-IV (American-Psychiatric-Association 2000) alcohol abuse; 1 met criteria for alcohol dependence. The MRI report created by a clinical neuroradiologist was negative for all 698 youth (for clinical summaries, Pfefferbaum et al. 2015) . As required, consent (for majors) and assent (for minors) were obtained according to the Declaration of Helsinki. Participants were characterized by age, sex, pubertal stage using the selfassessment Pubertal Development Scale (PDS) (Petersen et al. 1988) , and socioeconomic status (Akshoomoff et al. 2014) and measured the highest education of either parent (Akshoomoff et al. 2014; Pfefferbaum et al. 2015) . The data of all samples were archived as a data release (VERSION: NCANDA_DATA_0015) using the software Scalable Informatics for Biomedical Imaging Studies (https://sibis.sri.com) (Rohlfing et al. 2014; Nichols and Pohl 2015; Pfefferbaum et al. 2015) .
Neuropsychological Tests
Adolescents took a test battery of traditional and computerbased neuropsychological tests (Gur et al. 2010; Gur et al. 2012) . Composite performance accuracy scores were expressed as standardized Z-scores for 7 functional domains (abstraction, attention, emotion, episodic memory, working memory, balance, and general ability). In addition, the Delay Discounting task (Bickel et al. 2007; Stanger et al. 2011; Stanger et al. 2013) examined reward seeking, decision-making, and impulsive behavior. Descriptions of the tests are in Sullivan et al. (2016) and summarized in the Supplemental Material.
Acquisition and Processing of MRI
This section summarizes the acquisition and analysis of MRI detailed in the supplement. MRI data were acquired using 3 T GE Discovery MR750 at 3 sites (180 from University of California-San Diego, 132 from SRI International, and 153 from Duke University) and 3 T Siemens TIM TRIO scanners at 2 sites (99 from University of Pittsburgh and 134 from Oregon Health & Sciences University) using a standardized protocol for rs-fMRI (10 min scan duration), participants kept eyes open while viewing a gray screen.
From rs-fMRI data, model-driven seed-to-voxel correlation maps (Biswal et al. 1995; Greicius et al. 2003; Fox et al. 2005) were generated using modified version of the resting statespecific analysis pipeline of Nipype (Gorgolewski et al. 2011) in combination with following publicly available, common tools: FSL (Jenkinson et al. 2012) , Numpy (www.numpy.org/), CMTK (Rohlfing et al. 2003) , and ConnToolbox (Whitfield-Gabrieli and Nieto-Castanon 2012). The processing included standard motion correction via FSL MCFLIRT (Jenkinson et al. 2002) . Based on the estimated motion, outlier frames (displacement < 0.3 mm/TR) in individual BOLD time series were detected using Table 1 Demographic characteristics of adolescent study groups for those meeting no/low alcohol use history (AUH) criteria and those exceeding criteria for at-risk alcohol consumption: n = subject count; mean ± standard deviation (SD) (range); significant P-values are marked in italic Score ranges between 1 = "puberty not started" and 4 = "puberty completed." c Maximum number of drinks at one occasion in the past year.
Nipype RapidArt (Chai et al. 2012) . For the 782 baseline rs-fMRI scans of the NCANDA study, the mean number of outliers was 17.8 and maximum number of outliers was 225 frames. We omitted scans from further analysis whose remaining scan time of good, usable frames was <7.8 min, which resulted in n = 84 subjects being excluded. We choose this conservative threshold given the lack of consensus in the literature on motion thresholds for scan exclusion (Power et al. 2010) . For the remaining 698 subjects, NiPype applied the standard scrubbing approach regressing out outlier frames. As mentioned, additional processing steps are outlined in the supplement such as the estimation and correction of physiological noise via NiPype's implementation of Behzadi et al. (2007) . We chose seed-based correlation analysis, which is a modelbased approach that uses prior knowledge (e.g., Raichle 2011), because it has advantages over independent component analysis (ICA) for detecting small signal changes (Posse et al. 2013 ). As such the seed-based approach may be especially sensitive for detecting age-and sex-related changes in the maturation of functional networking and perturbations in connectivity associated with alcohol consumption during adolescence. Furthermore, the interpretation of the results of seed-based correlation analysis is hypothesis-driven and prospective (Cole et al. 2014) , whereas data-driven approaches, such as ICA, require user interaction to interpret resulting maps and make implicit assumptions about parameter settings that are often not well understood (Posse et al. 2013) . We selected the seed regions for each network according to Raichle (2011) [Neto et al. 2008; Demos et al. 2012; Müller-Oehring et al. 2015] ). Note, each selected seed region is a main node in its respective IFN independent of analysis technique (e.g., Van Dijk et al. 2010; Erhardt et al. 2011) . For example, we chose the ACC as seed, because it is a principal node in the SAN (e.g., Seeley et al. 2007; Raichle 2011) . Consistent with this functional character of the ACC, we found it connected with regions (e.g., insula) that have also been previously identified as principal nodes of the SAN, and further by ICA-based analysis techniques (e.g., Seeley et al. 2007; Menon and Uddin 2010) .
To account for site differences, we note that all NCANDA collection sites strictly followed the same data acquisition protocol with the exception of the MRI scanner used for acquiring imaging data. The protocol was exactly the same for the 3 GE sites as well as for the 2 Siemens sites. All data were checked for compliance to those protocols, which included reviewing phantom scans acquired on the same day as rs-fMRI scans. Modeling site differences was thus equivalent to accounting for differences between the acquisition of the 2 scanner types, which functional seed-tovoxel connectivity analysis confirmed by revealing significant differences between timeline correlation maps from GE and Siemens scanners for each seeded network (see Supplemental Figure) . To overcome those differences, we developed a novel algorithm that matched all the correlation maps inferred from Siemens images to those generated from GE images. For each seed region and image location, the algorithm first generated a histogram of the correlation values inferred from data acquired with the same manufacturer. It then matched the Siemens histogram to the GE histogram. Finally, the Siemens correlation maps were modified according to the matching thus resulting in a histogram of correlation values that equaled those of the GE histogram (see Supplement). Application of our data-driven approach removed manufacturer effects at the single-subject level. This correction enabled group analysis using statistical models typically applied to single scanner type studies but did not induce spurious findings, rendering group effects spatially consistent and statistically stronger compared with the findings on uncorrected data (see Supplement Figure) .
Using ConnToolbox, group analysis statistical threshold for peak levels for overall IFN seed-to-voxel correlation maps in no/ low criteria adolescents (n = 581) with age as covariate were set at t = 6.0 (family-wise error [FWE]-corrected for multiple comparisons). Group analysis of sex (boys and girls) and age effects (continuous variable for boys and girls) in "no/low criteria" adolescents was set at P value = 0.001 (t = 3.1) and correction for multiple comparisons required a cluster size of k = 350 contiguous voxels for sex, k = 293 contiguous voxels for age effects, and k = 287 continuous voxels for age-by-sex interactions, where clusters were computed via AFNI 3dclustSim V.16.1.15 (addressing the concerns of Eklund et al. 2016) . For analysis of the effect of alcohol use history (AUH) on IFN, a matched-group analysis compared 117 exceeds-criteria adolescents to a subgroup of 117 no/ low-drinking adolescents matched to the exceeds group on age, sex, education, ethnicity, and ratio between scanner types (Siemens, GE). Also for the matched subgroups analysis, the statistical threshold for peak levels was set to P = 0.001 (t = 3.13) requiring a cluster size of k = 291 contiguous voxels to pass the multiple comparisons correction test.
Brain-Behavior Correlations
To test our directional hypothesis, where greater functional connectivity would correlate with better test performance, we correlated the corrected correlation maps of each seed region with neuropsychological test scores (Pearson correlation; SPSS software package). Family-wise Bonferroni correction for 8 neuropsychological test comparisons required p ≤ 0.0125.
Results
Default Mode Network
DMN maps revealed temporally synchronous voxel clusters that involved expected structures: PCC and precuneus, medial prefrontal cortex and ACC, and bilateral lateral parietal cortices. Synchronous activation also occurred between the PCC seed and limbic areas (hippocampus, amygdala, and insula), striatum (putamen and caudate), thalamus, and cerebellar areas (Table 2a and Fig. 1 ).
Effects of Sex and Age
Connectivity strength between the sexes differed (Fig. 2) . Girls showed more PCC-medial parietal and limbic connectivity than boys involving precuneus, middle cingulate, hippocampal, and midbrain regions. Regarding age, PCC connectivity was weaker with older adolescent age to bilateral hippocampal-amygdala regions. Although this PCC-limbic age-related weakening in intrinsic functional connectivity was specifically observed in boys (Fig. 3) , it did not significantly differ between sexes (no age-by-sex interaction).
Effects of AUH
No significant effect was observed for AUH in adolescents for the DMN.
Executive Control Network
Adolescents in the total no/low-drinking group showed synchronous activation levels between the SFG seed and lateral and (Table 2b and Fig. 1 ).
Effects of Sex and Age
Girls showed stronger functional connectivity between the SFG and medial prefrontal and superior frontal regions than boys (Fig. 2) . Stronger SFG connectivity to insular, fronto-limbicstriatal, and parieto-occipital regions occurred with older age (Fig. 2) . Specifically, boys showed stronger SFG-insular/frontolimbic and thalamo-striatal connectivity with older age, although not significantly different from girls on direct comparison. Age-related strengthening of ECN connectivity had behavioral implications, where stronger SFG-limbic (anterior insulastriatum) connectivity correlated with better performance on tests of balance and general ability. Specifically, age-related strengthening of frontotemporal connectivity in boys correlated with better episodic memory and strengthening of fronto-limbic Seed-to-voxel connectivity: ANCOVA with sex (boys, girls) and age (continuous variable modeled for boys and girls) in "no/low criteria" adolescents (n = 581). Effect of AUH for matched groups (n = 234): comparing n = 117 "exceeds-criteria" and n = 117 "no/low criteria" adolescents. The p-threshold for the whole brain network connectivity (age as covariate) was set at a peak t-value = 6.00 (FWE-corrected) and a cluster p-threshold = 0.05 FWE-corrected for multiple comparisons. For group, sex, and age effects, the threshold was set at a peak P value = 0.001 (t = 3.1) and cluster size FWE-corrected for multiple comparisons requiring k = 350 voxels for sex, k = 293 voxels for age, and k = 291 voxels AUH effects (AFNI 3dclustSim; https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html). connectivity with delay discounting performance showing greater control for greater reward (Table 3 and Fig. 4A,B) .
Effects of AUH
The matched-subgroup analysis did not reveal any significant differences in SFG functional connectivity. Exploratory analysis tested for age-related SFG strengthening in connectivity in the exceeds sample and the matched subsample of adolescents with no/low AUH. No strengthening of ECN connectivity with older age was observed in the exceeds group, but still observed in the subsample of matched no/low-drinking adolescents for SFG-insula connectivity even at this older adolescent age range (SFG-R insula/hippocampus/amygdala/striatum r = 0.34, P < 0.0001; SFG-L insula/inf frontal/sup temporal r = 0.264, P = 0.002) (significant group difference for age-related ECN connectivity: Z = 1.73, P = 0.042; Z = 2.04, P = 0.021).
Salience Network
The ACC was functionally connected to a widespread system of cortical and subcortical regions (Table 2c and Fig. 1 ). Namely, ACC activation was highly synchronous with (1) other frontal regions including medial prefrontal, inferior frontal, orbitofrontal cortices; (2) striato-thalamic regions including caudate, putamen, pallidum, and thalamus; (3) limbic regions including amygdala, hippocampus, and insula; and (4) posterior cortices including medial parietal (precuneus, cuneus, PCC, and middle cingulate) and occipital regions (calcarine and lingual gyri).
Effects of Sex and Age
Whereas boys showed stronger ACC connectivity to temporoparietal, inferior frontal, and orbitofrontal regions, girls showed stronger connectivity to voxels neighboring the ACC seed ( Fig. 2 ) that was related to general ability (Table 3) . With older age, girls showed stronger ACC-prefrontal cortical connectivity, whereas boys showed weaker ACC-occipital (extrastriate, lingual gyrus) connectivity extending into cerebellar regions (Fig. 5) . A significant age-by-sex interaction supported a sexual dimorphism in the maturation of ACC functional connectivity where boys specifically, and in contrast to girls, showed weaker ACC-extrastriate cortical connectivity with older age.
Effects of AUH
No significant group differences in the SAN emerged for the matched subgroups of adolescents.
Emotion Network
EMN maps revealed amygdala-seeded functional connectivity in limbic areas including hippocampus, temporal lobes and insula and in reward-related midbrain-striatal and thalamic regions. Furthermore, the amygdala was functionally connected to medial and inferior frontal and orbitofrontal cortices, sensorimotor and premotor cortices, and cerebellar regions (Table 2d and Fig. 1 ).
Effects of Sex and Age
Girls exhibited stronger amygdala activation synchrony with medial occipito-parietal and lateral temporo-parietal activity than boys (Table 2d and Fig. 2, left) . Amygdala functional connectivity was less robust with older age to hippocampal, parahippocampal, and cerebellar regions (Fig. 2) . Although this weakening in EMN connectivity was observed over the whole no/low-drinking group (girls and boys), boys specifically showed less synchronous amygdala-bilateral cerebellar activity with older age that was furthermore associated with better attention and emotion (Table 3 and Fig. 6 ). . In 275 boys with no/low alcohol use. Left panel: graph depicting the correlation between age and SFG-limbic connectivity; Right panels: graphs depicting the correlation between performance (delay discounting, balance accuracy) and SFG-limbic connectivity.
Effects of AUH
In the matched subgroup analysis, weaker amygdala synchrony with medial parietal activity involving PCC, middle cingulate cortex, and anterior and posterior precuneus was observed in the exceeds criteria relative to the no/low-drinking group (Fig. 6 ). This weaker amydala-precuneus/PCC connectivity in the exceeds group did not significantly correlate with composite NP scores after correction for multiple comparisons. Testing the relevance for neurodevelopment, an exploratory analyses found that weaker amydala-precuneus/PCC connectivity was related to higher puberty scores in the full no/low AUH group (r = -0.134, P = 0.001; ρ = −142, P = 0.001). In addition, for regions exhibiting age-related DMN-EMN desynchonization, the variability in their connectivity strength within the exceeds group, even at an older age, correlated with episodic memory performance (DMN: PCC-right hippocampus/amygdala: r = -0.252, P = 0.003; ρ = -0.220, P = 0.009; EMN: amygdala-cerebellum: r = -0.214, P = 0.011; ρ = -0.177, P = 0.029, n = 116).
Reward Network
The NAcc-seeded RWN maps showed functional connectivity with the striatum, pallidum, anterior insula, and subgenual cortex in addition to hippocampus, amygdala, thalamus, and superior cerebellar regions. NAcc-cortical synchrony was further observed with inferior and orbitofrontal, medial prefrontal, and occipito-parietal regions (Table 2e and Fig. 2 ).
Effects of Sex and Age
Girls exhibited stronger NAcc functional connectivity than boys to adjacent seed voxels involving the septum (Fig. 2) . No significant age-related differences in functional RWN connectivity were observed.
Effects of AUH
No significant effect of AUH on NAcc connectivity was observed in our matched subgroup sample (Table 2) .
Discussion
Using rs-fMRI acquired in 698 adolescents, we identified that age, sex, and a history of alcohol use can modulate functional connectivity in the 3 cortically based networks (DMN, ECN, and SAN) and 2 subcortically based intrinsic networks (EMN and RWN) examined. The overarching pattern observed in these cross-sectional rs-fMRI data was that heterochronicity related to age and sex characterizes neurodevelopmental differences in regional functional network connectivity. Further, in the EMN, this normal pattern is vulnerable to disruption in adolescents with a history of moderate drinking. Critically, the strength of local functional connectivity was related to cognitive and motor performance. These observations and those that follow provide support for our study hypotheses.
Modulation of Network Connectivity by Age and Sex
We hypothesized that connectivity of IFNs in older adolescents would be stronger and spatially more distributed than in younger adolescents; this prediction held for the ECN. For the SAN, this pattern was modulated by sex differences consistent with Satterthwaite et al. (2015) in that girls showed stronger connectivity to regions more proximal to the seed than boys, a pattern observed in all IFNs except the EMN, whereas boys showed a spatially more distributed SAN connectivity. Age analyses conducted for boys and girls indicated that the observed connectivity in DMN, ECN, and EMN were driven by the boys' activation synchrony. Thus, we observed sexual dimorphism in the patterns of age-related differences in connectivity strength. Greater SFG-fronto-limbic and parieto-occpital synchrony in the ECN occurred with older age and was expressed differently in boys from girls, that is, boys but not girls showed this age-related strengthening in SFG-thalamo-limbic-striatal functional connectivity.
Similar to structural brain development (Sowell et al. 2004; Lenroot et al. 2007; Uddin et al. 2011) , IFN maturation during adolescence is marked by heterochronicity in its development of neurofunctional architecture. Stronger and more distributed network connectivity occurred with older age for the ECN, but not the DMN and EMN, possibly indicative of later maturation of the ECN than the DMN. In support of this possibility, another study reported that default mode regions, specifically the medial prefrontal, posterior cingulate, and lateral parietal cortices, are only sparsely functionally connected at early school age (7-9 years old) but strongly connected in adults (Fair et al. 2008) . Thus, even our youngest adolescents, 12-year olds, might have already undergone significant maturational change toward an adult-like DMN connectivity. Indeed, limbic nodes were found to be loosely integrated in the DMN in adults (Ward et al. 2014; Müller-Oehring et al. 2015) , and reduction in EMN limbic-cerebellar connectivity (perhaps "functional pruning") during adolescence could serve to promote connectivity between main nodes of the DMN and EMN with maturity (Greicius et al. 2003; Fox et al. 2005; Fransson 2005; Fair et al. 2008) .
The hippocampal and parahippocampal regions in older than younger adolescents were more strongly connected with the SFG seed of the ECN, suggesting "functional rewiring" of limbic connections from parieto-hippocampal (DMN) to fronto-hippocampal (ECN) networking as adolescence progressed. This shift could enable maturation from an introspective and self-referential network to a supervisory cognitive control, planning, and execution system. With the hippocampus being a node of the DMN, such cortico-limbic rewiring may be a key to behavioral change associated with maturity, that is, the ability to master emotions, pause for planning, and exhibit cognitive control. Our finding that stronger ECN connectivity to parietal, insular, and striatal regions was associated with better performance in general ability, attention, and delay discounting with older age further supports the concept that age-related "rewiring" of the functional architecture is shaped to facilitate cognition.
We found weaker neurofunctional connectivity between the EMN amygdala seed and cerebellar regions marking a novel developmental theme. The cerebellum plays a role in a various nonmotor functions that include learning, memory, and affectivebehavioral modulation (Ito 1993; Ramnani et al. 2006; Strick et al. 2009; Balsters et al. 2010) . With learning through practice and experience, cortico-limbic-cerebellar circuitry enables storing of the most efficient representations of behavior in frontal motor cortices (Ito 1993; Koziol et al. 2012 ) with reduced participation of the cerebellum as the task is mastered. Although cerebro-cerebellar functional circuitry in children closely resembles that of adults (Power et al. 2010) , our finding of weaker amygdala-cerebellar connectivity with older age may mark a point in adolescent development signifying pruning of cerebellar-instructed limbic-connected learning capabilities (Koziol et al. 2010 ) potentially helpful to establish cortical anticipatory skill learning mechanisms in the matured brain (Saling and Phillips 2007; Imamizu and Kawato 2009 ). This dynamic interplay comports with the experience that complex skill learning to perfection is challenging after adolescence.
Together, the herein observed synchronization of limbic networks with frontal ECN regions while, at the same time, limbic connectivity weakens to DMN and cerebellar regions, is supportive of the concept that the prefrontal cortex gradually assumes responsibility for various cognitive processes during adolescent neurodevelopment that were initially performed by subcortical and limbic structures (e.g., Rubia et al. 2000; Yurgelun-Todd and Killgore 2006; Kesek et al. 2009 ).
Modulation of Network Connectivity with AUH
The effect of AUH was observed mainly in the EMN with weaker EMN-DMN connectivity. Similarly, developmental differences indicated attenuation of medial parieto-limbic DMN-EMN connectivity strength. In addition, strengthening of ECN connectivity was observed even at an older age in the matched group of no/low-drinking adolescents, but was absent in those with alcohol use histories. Together, these coincidences raise the possibility that moderate-to-high alcohol use even in later adolescence can retard maturational changes.
Limitations of these findings must be acknowledged with respect to the relatively low use of alcohol and drugs in most of the adolescents in the exceeds-criteria group. Further, none of the participants were recruited from treatment programs and Figure 6 . Effects of age and AUH during adolescence on EMN connectivity.
Graphs depicting the correlation between amygdala-cerebellar connectivity and age (upper panel) , and between age-related amygdala-cerebellar connectivity and performance (emotion accuracy) (lower panel) in boys with no/low alcohol use. Lower 3D glass brains depict the PCC/precuneus region that was weaker connected in 117 adolescents exceeding alcohol use criteria than in the matched subgroup of 117 adolescents with no/low alcohol use.
only 10 of the 117 in that group met minimal diagnostic criteria for alcohol use disorder. Whether the apparent effects of alcohol drinking or other substance use are pre-existing or causative await longitudinal study. Although seed-based techniques are sensitive to the choice of the seed region (Posse et al. 2013; Cole et al. 2014) , IFNs are highly consistent between analysis techniques (e.g., Van Dijk et al. 2010; Erhardt et al. 2011; Raichle 2011; Calhoun and Allen 2013; Posse et al. 2013 ). Here, seedbased analyses enabled the detection of small signal changes in voxel clusters (Posse et al. 2013 ) supporting the concept that functional connectedness is flexible to change (Sridharan et al. 2008 ) specifically with development (e.g., Supekar et al. 2010; Di Martino et al. 2014) .
Implications for Normal Neurodevelopment of Functional Architecture
This cross-sectional analysis of rs-fMRI data from a large cohort of youth spanning the adolescent age range revealed heterochronicity of neurodevelopmental patterns in rewiring 5 selected IFNs toward maturity. Normal developmental patterns differed in adolescents with moderate-to-heavy AUH on the EMN with limbic-cortico-cerebellar rewiring that may impede maturation of affective and self-reflection systems underwriting the ability to regulate emotions and exhibit cognitive control.
Notes
